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PREFACE vii 

motions of the heavenly bodies, where gyroscopics are ex- 
hibited in their grandest and freest (frictionless) form, 
have been fully explained, but the engineer and cursory 
student, who care only for the elementary theory and an 
explanation of its applications, may omit the astronomical 
discussion without loss of continuity. 

F. J. B. C. 

Newton Centre, Mass., 
June z6, 19x3. ^ 



PART I. 
THEORY. 



12 THE GYROSCOPE 

axis. It is evident that gyro scopic coupli^ will^be_setjup 
since the body has rotations jabout -two J^ axes. One 
gyroscopic couple, Aj/ cos ^, • ^ sin ^, will tend to bring the 
axis into coincidence with the axis of ^ ; the other gjnroscopic 
couple will act in the opposite direction, and is equal to 
C^ sin 9 • ^ cos 0. The resulting couple is (C — A)j/^ 
sin 6 cos 0. But this is the well-known expression for the 
centrifugal couple acting in a vertical plane through the 
axis of the bar. The bar will therefore oscillate above and 
below the horizontal plane by an amoimt equal to the 
original inclination. By writing the result down at once 
from gyroscopic principles, we have saved ourselves a 
tedious integration. 

As another example, let us suppose a sphere. Fig. 3, 
rotating about an axis OC with angular velocity a?, this 



s- 




Fig. 3. 

axis being held in a ring CC\ which is pivoted about a 
horizontal axis HH' held in a fork SHH^ The ring can 
turn about the horizontal axis, and the whole is set revolving 
about the fixed point 5, in a horizontal plane, with angular 
velocity ^. Let R be the radius of the sphere, D the dis- 
tance SOy the inclination of the rotation axis to the verti- 
cal and the rotation and revolution in the same sense. We 
shall calculate the centrifugal forces and show that their 
sum is simply the gyroscopic couple we have previously 
obtained. 
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We can resolve the rotation co into <a cos B about a 

vertical axis, and « sin ^ about SO. Let us first consider 

a ring of radius r rotating about SO with angular velocity 

« sin ^. The velocity of any particle in the ring is 

D^ — rco sin ^ cos 0, where 4> is the angle any radius makes 

with the vertical. The centrifugal force outward from S 

dm 
will be — [D^ — rw sin ^ cos 0]^, where dm is an elementary 

mass and equals fd4> • d, 6 being the density of the sub- 
stance. It is evident that there will be a couple about 
HH^ since the velocity, and consequently the centrifugal 
force, in the lower half of the ring is greater than in the 
upper half. 
The centrifugal moment of a particle about the ajds HE' 

is — jr- [Djf — rw an ff cos 4>Y r cos 0. 
The sum of these moments is 

— [I>p — r« sin ^ cos 4>Y f cos d0 = 2 irf5 • r^<a sin Byf/. 


But 2 irfd is the mass of the ring = m, and mr^o) sin 6 is 

the moment of momentum of the ring about the axis SO. 
Hence the sum of the moments of the centrifugal forces 
about HE' is the moment of momentum about SO into 
the angular velocity, ^. This is at once seen to be nothing 
else than the gyroscopic couple tending to bring the rota- 
tional axis SO of the ring into coincidence with the axis of ^. 
For a disc the centrifugal resultant would be 

2) 2 TTf^d • CO sin ^ dr = - — 5 • « sin ^. 

But T R^6 is the mass of the disc and — is P, where k is the 

2 

radius of gyration. Hence the moment of momentirai of 



l6 THE GYROSCOPE 

inner half, so that generally, in all planetary bodies, forces 
are developed which tend to pull the body apart in opposite 
directions from the center and along the line SO. An 
elastic sphere will therefore be deformed into an ellipsoid, 
with the long ajds always pointing towards the attracting 
center. In the case of the earth it would seem that these 
solid tides are not inappreciable and may possibly amount 
to half a foot. The effect of the tides of the shallow, 
mobile oceans in slowing the earth's rotation is insignifi- 
cant in comparison. Where a body rotates in an opposite 
direction to its revolution these solid tides would be greatly 
reduced and might be obliterated. 



We shall now take the general case of a tri-axial body 
having a rotation about some axis. We shall always sup- 
pose that the center of inertia is fixed. Such a rotation 
cannot in general be stable, for we can resolve the angular 
velocity about the momentary axis into its three compo- 
nents about the principal axes. Let coi be the angular 
velocity at any instant about the axis A, co2 that about B 
and <az that about C The turning about B will set up a 
gyroscopic couple with the rotational moment about C, 
and so on redprocaUy, so that there will be sk gyroscopic 
couples — a pair about each axis. Taking the sum (alge- 
braic) of each pair, and with due regard to signs, we can 
write 

il — = (5 — C) aJ2C08, 
B~ = (C — i4)cOiW8, 

C— - (A — B) coio^. 
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which the principal axes OA, OB, OC, respectively, make 
with OL, and let cui, co2, coz be the angular velocities about 
these axes at any instant. We can decompose our impulse, 
G, into the three partial impulses, 

G cos a = Aon (i), G cos j8 = j8c«j2 (2), G cos 7 = Cws (3). 

Multiplying Euler's dynamical equations by coi, C02 and cos 
we have 

d^ + ^%^' = r = aconstant. 

2 2 2 

Or the kinetic energy remains constant throughout the 
motion. From (i), (2) and (3), 

G = ilojicosa + -Ba)2COSj3 + Cco8COS7 (4), and 
G^-=AW + BW + CW. (5) 

Let us suppose that the preponderating rotation is about 
OC, so that, as the body rotates about this axis, OA and 
OB become successively ± to OL. Since, from (4) the 
moment of momentum about OL remains constant and 
equal to G, it is evident that the moment about any other 
fixed line must remain constant, and the moment about 
any line ± to OL must be zero. 

Hence, whenever OA or OB becomes ± to OL, coi or 013 
becomes zero. If OjB is ± to OL we have, from (4) and (5), 

A^ + Q^^T, 

2 2 

Au)i sin 7 + Ca)3 cos 7 = G, 
AW + CW = G\ 

These three equations determine coi, cos and y. In the 
same manner we derive three other values for (02, cos and 7 
when OA is ± to OL, and it is evident that at these in- 
stants the motion would coincide with that of a bi-axial 
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wards and forwards, i.e., about an am J. to the deck. 
From this we see that it is advisable, as far as pos^ble, to 
place the axes of all rotating masses on a ship in a fore- 
and-aft direction, since, in such a position, the only gyro- 
scopic couples set up will be those due to the pitching of 
the ship. 

7. Eztenutl Forces. 

We ^lall now investigate the motions of gyroscopes 

under the action of external forces. Let Fig. 5 represent 



Fig. 5. Fig. 6. 

a bi-axial ellipsoid rotating with angular velodty a about 
its axis of greatest moment OC. This axis is held in a ring 
which is pivoted about a horizontal axis BB', in a vertical 
frame VV, This vertical frame can turn about the verti- 
cal axis VV. To the lower extremity of the rotation axis, 
at a distance I from 0, is attached a small mass «. We 
shall suppose this small mass and the supporting frame to 
be negligible in comparison with the mass of the gyroxape. 
Fig. 6 represents a bi-axial top, its point hxed at 0, and its 
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equation (4), the horizontal motion or precession must 
always be positive. Hence the axis keeps moving about 
the vertical in one direction, executing meanwhile a series 
of symmetrical dips. If « is very large, we see from equa- 
tion (7) that the dips, or (cos^o — cos 6), must be very 
small, and from equation (4) that the horizontal velocity, 
or j/, must also be very small, d is accordingly very small, 
and the squares and products of these very small quantities 
can be neglected in comparison with the quantities them- 
selves. 

If CO is very large, we can, therefore, write equations (i) 
and (2), 

mgl sin ^ — Cw^ sin ^ = Ad. (9) 

CcaO = ADt (Ij/sme). (10) 

Now the very small portion of a sphere included by one 
of the dips, we can regard as practically plane, and the 
quantities ^ sin 9 and 6 become rectangular coordinates, 
^ sin (? being represented by x, B by y. The origm of co- 
ordinates is where the motion began, viz., from rest. 

We can further regard sin 9 as practically constant in 
this small area. Hence equations (9) and (10) become 

mgl sin ^ — C(»)X = Ay, (11) 

Cwy = A'x. (12) 

Integrating, mgl sin W — C(ax = Ay. (13) 

\ Cioy = Ax. (14) 

Writing the equations 

mgl^BA \C(d . /Ceo aI / V 

mgl^BA V /Ceo AT , ^^ 

^e see that they are the integrals of (14) and (13) respec- 
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The integration of this elliptic integral iS; as usual, rather 
tedious. Let us suppose that ^ is very small compared 
with 09. We may then neglect its square without great 

error. Writing-^ = a, we have 



Y af sin^— — sin^-j 





Let sin^ — sin = sin -, where is an auxiliary angle. 

2 2 

It will be seen that when ^ = o, ^ = o; and when 
^ = ^0, = -. Making this substitution, 

2 

V I — sm^— sm^0 

^ 2 

The radical can be developed by the binomial theorem, and 

I . A^O . 9 



Y I — sin^— sin^0 



= I +-sm^- sm^0 



2 



+ i.2.Ssin4?2sin4^ + i.2.Ssin«??sin«0 etc. 

246 ,2 246 2 

Now Tsin^- ^i^ = 1-3.5 •••• ^»-i .;. 

J 2-4-6 . . . 2n 2 



Hence 
t 



2VaL \2/ 2 \2-4/ I2 

+ /iiaj4ysin.?*. ...etc.! 
V2 • 4 • 6/ ^ I2 J 



S6 
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careful to write the signs thus, because the first always 
tends to decrease the value of 6, while the second, the 
^ sin ^ component, acts in a positive or negative direction 
according to the sign of sin il. In Fig. 13, -4 is a negative 
angle and in this position the couple will act in a negative 
direction, while, when B is on the other side of Ci4, it wiU 
act in a positive direction. Taking a fixed vertical plane 




Fig. 13. 



through C as the standard of reference, the angle ACB = 
C will be (— 6/ — ^), where, as before, ^ is the precession 
of A about the pole of the ecliptic. 



Ti V • 1 . • X sm A sm a 

By sphencal trigonometry, -: — 7; = -; — 

sm C sm c 



and 



cos c = cos a cos ^ + sin a sin ^ cos C 



(2) 



Hence the d couple is — -ST cos c Vsin^c — sin^asin^^ 
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Now, since sin* c — sin* a sin* C = 

I — [cos* a cos* ^ + 2 sin a cos a sin 9 cos cos C 

+ sin* a sin* B cos* C\ 
— sin* a sin* C = 

I — cos* a cos* d — 2 sin a cos a sin cos ^ cos C 

— sin^ a[cos* C + sin* C] 
+ sin* a cos* 6 cos* C 
= cos*asin* B — 2sinacosasin^cos9cosC 

+ sin* a cos* ^ cos* C 
= (cos a sin ^ — sin a cos B cos C)*, 

therefore 



Vsin* c — sin* a sin* C = cosasin^ — sinacos^cosC. 

The B couple is, then, 

— Kcosc (cosasind — sin a cos cos C). 

Substituting the value of cos c from (2), this is 

— K(cos a cos ^ + sin a sin d cos C) (cos a sin 

— sin a cos B cos C) 

= — ir[cos* a sin ^ cos ^ — sin a cos a cos* B cos C 

+ sin a cos a sin* B cos C 

— sin* a sin d cos d cos* C] 

= — ^ cos* a sin ^ cos B + Ksina cos a cos C cos 2 ^ 

+ K sin* a sin ^ cos ^ cos* C. (3) 

The ^ sin ^ couple is 

iTsinccoscsinil = jK^coscsinasinC 

= -^ sin a sin C (cos a cos ^ + sin a sin ^ cos C) 
=XsinacosasinCcosd + Xsin*asinCcosCsin^. (4) 
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Our equations of motions axe, therefore, 

irsin*acos^(— bt — ^)sindcos^ 

+ irsinacosacos(— 6/ — ^) cos 2 (? 

—K cos^ a sin d cos (?— C(a^ sin O+Aj/^ siu (? cos (? =^A$ (5) 

ifsin^ asin (— bt — ^) cos (— bt — 4d sin(? 

+ irsinacosasin(— 6/ — ^)cos(? 

+ C«d - A4/ cos^' = ilZ?i (^ sin^). (6) 

[Note. We have previously used C to denote an angle, 
but now it has its usual significance. There will be no 
confusion.] 

Multiply (6) by sm ^ (- 6 - ^), 
JTsm^asin (- bt - 4/) cos (- bt - ^) sin^ ^ (- J - ^) 
+ irsinacosasin(— W — ^)sin^cosd(— ft — ^) 
+ Ccosin^^(— J — ^) — i4^sinl?costf(— 6 — ^)^* 
=i4(- 6- ^)sm^Z?,(^sind). (7) 

Integrating (5), 

K sin^ a cos^ (— J/ — ^) 

2 

+^ sin^ a J sin* ^ sin (— 6^ — ^) cos (— 6/ — ^)(— ft — ^) 

+Jf sinacosasintfcosdcos(— 6/ — ^) 

+\Ksinacos(j / sindcosdsin(— bt — ^)(— ft — ^) 

-jCcos^a^-^-Cco r^sin^*+il r^2sinftcosW=i4-- (8) 

Integratmg (7), 

Ksia^aC^ (- ft/ - ^) cos (- ft/ - ^) sm^d (- ft - ^) 

+ JK^sinacosa / sindcos^sin(— ft/ — ^)(— ft — ^) 

+ ftC« cos^ — Cw I j/sinSe + bA /^sin^cos^ 



PART II. 
APPLICATIONS. 
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the squirrel'-cage type, and is driven by a. tri-phase current. 
The wiring is shown schematically. 

The diameter of the rotating disc is about 15 cm. (6 
inches), and the velocity is 20,000 turns per minute. Hie 



^ 



Fio. 17. 

center of gravity is slightly below that of the displaced 
mercury, so that gravitationally it is stable. An arrange- 
ment for dampii^ the swings about the vertical axis (not 
shown in the Fig.) is provided. 

The case here is similar to that discussed in Art. 8. We 
can resolve the earth's rotation into that about a horizontal 
axis in^the south-north direction, j/ cos \, and that about 
a vertical axis, ^ ^ X, where X is the latitude, and 1^ the 
ai^ular velocity of the earth. The rotation about the 
south-north axis, ^ cos X, will urge the axis of the gyro- 
scope into coincidence with itself, and this wiU eventually be 
accomplished through a series of swings on each side of the 
south-north line, just as a pendulum or magnetic needle 
swings on each side of its position of equilibrium, \mtil it 
is brought to rest through friction. Hie directive couple 
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about 1 1 seconds for a velocity of 20,000 turns per minute. 
In the present case the value of A becomes very much 
greater, and the directive couple is very much weakened 
by the frictional and inertianal drag.* Consequently the 
period must be very much greater, and is, in fact, for the 
Anschuetz compass about 70 minutes. Starting from rest, 
the instrument must be spun for three hours before it gives 
an indication. Placing a delicate spirit level on the'card, the 
minute nutations are Lely discerSble, and this alone ^ves 
an indication to the eye that the card is moving. After 
once settling down to the line of the meridian, it keeps its 
position very well, and the oscillations are very small. It 
has been run several weeks at a time in trials on warships 
and has kept most of the time within |° of the true north. 
It is the first gyro-compass, among many previous attempts, 
that has proved successful. Even here the success has not 
been complete and it is rather to be looked upon as a pioneer 
than as the final word. The ideal compass would be one 
that could be used quickly when wanted, and then put out 
of commission; in other words a "stiff " compass with a- 
short period. The present high cost of the Anschuetz 
compass — several thousand dollars per instrument — is 
prohibitive for merchantmen and for most naval ships. 
They will probably be produced at less cost in the future, 
but, as in the case of all inventions, there will be no super- 
session of the magnetic compass. Both will be used in 
their own respective fields. The modern dreadnought, 
which is a mass of steel, will have need of the gyro-compass 
to avoid its own excessive disturbing action on the magnetic 
compass. 

This disturbing action in iron merchantmen can be 
avoided by placing the compass aloft on a pole mast. A 
compass 30 or 40 feet distant from any iron is practically 

* Alcohol would be preferable to meroiry, other things being equal. 



92 THE GYROSCOPE 

and we shall not attempt it here. We may, however, pcnnt 
out certain probable results. We have seen (Art. 4) that 
the compound centrifugal force, due to a combined rotation 
and revolution, produces a solid tide in an elastic body 
which is always in the plane of the orbit and directed 
towards the attracting body.* Now the result of such a 
tide is that there is a moment about an axis ± to the orbit 
equal to the mass of the tide, into the square of its distance 
from the center of the earth into the orbital velocity. In 
other words, there is a very minute rotation about an axis 
± to the ecliptic and in a positive direction. The resulting 
motion would, therefore, be something like that of a per- 
fectly rigid body which not only rotated about its axis, but 
also had a minute rotation about an axis ± to the orbital 
plane. This case has been treated in Art. 8. Or it is 
remotely similar to the case of the top, already mentioned, 
which rolls on its ''toe," and thus sets up a moment about 
a vertical axis, thereby causing the top to rise. 

Such a motion cannot be stable. The axis of figure will 
strive to set itself into coincidence with the axis ± to the 
ecliptic, and will, in fact, do so. But its poleward velocity, 
just as in the gyro-compass, will carry it beyond, and thus 
it will oscillate backwards and forwards across the pole of 
the ecliptic, but by lesser and lesser distances. The solid 
tide will eventually reduce the rotation period to that of 
the revolution. When the elastic body, therefore, has 
arrived at a position of permanent perpendicularity to the 
ecliptic, and its rotational period is equal to its revolutional 
period, it will have attained permanent stability of motion, 
and not before. 

The earth, according to estimates which cannot be 

* The effect of the tides of the shallow mobile oceans, which do not keep 
phase with the attracting body, is insignificant in comparison with the solid 
tide. 



NOTE. 

ON THE MOTION OF CTCLONES. 

The earth being a rotating spheroid, every particle on its surfeure is sub- 
jected to a tangential gravitational component towards the pole, and to a 
tangential centrifugal component towards the equator. The amount of 
the latter is iS sin cos ^, where R is the radius of the earth, and ^ the 
horizontal angular velocity of the particle at any instant. Hence a movable 
particle, at rest relatively to the earth, must have a gravitational component 
towards the pole equal to IS sin d cos Ou^y where cd is the angular velodfy 
of the earth. When the horizontal angular velocity of a particle is greater, 
or less, than that of the earth, the particle will experience an acceleration 
along a meridian, towards the equator or towards the pole, as the case may 
be, and the amount of this acceleration is 22 sin cos 9 (^ — c^). 

In the case of a cyclone, every particle in it will experience this meridianal 
acceleration according as the value of ^, which it possesses at any instant, 
is greater, or less, than a. The sum of these accelerations will be the total 
meridianal force acting upon the cyclone. 

Considering, at first, only a ring of rotating matter, let ^o be the horizontal 
angular velocity of its center, r the radius of the ring, ^ the angle which a 
particle makes at any instant with a parallel of latitude through the center, 
and the angular velocity of the ring relatively to this parallel. Then the 
horizontal angular velocity of a particle is 

f^an^ 

„ /^ , rsin<^\ 
RcoaiSc-^—j^j 

where $e is the latitude of the center. 



^ = ^1^^^ 



^^H 



, _^ 2 ^cr<A sin <^ , fVsin*^ 

i» - f sin a (o. + '-^] («« - ^c') + a*. f« sin « dn (Oc + ^) 



Hence 



^ — ^tan 
R 



(••+T*) 



Since — ■:= — is, in a cyclone, usually a small quantity, in developing a 



loo 
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In dERling with acttul t^^t&ea, we find thst that motioiu ue gmtly 
[nfluenced by rot&tioiiALfrit^u'an. The chief factois in the friction of gases 
moving over liquid or ^ll&fiurfsces, are the relative velocity of the i^qtosing 
surfaces and tlie apQunt, oi area, of such surfaces engaged. It is probable, 
that the frictbn^iapfqMitional to the square of the relative velocity between 
the two surfatj^;^ that the friction due to the relatively small tians- 
lational velpdly bf the cydone as a whole, may be neglected in comparison 
with that dbQ to tbe high rotational velocity. Hence, if the meridiaoal 
forces diip'l}^aiiced, a cyclone may slide along a parallel of latitude — east 
OI iT^^kccordlng to its original velocity — without much diminution of 
ha llifriEontal velocity relatively to the earth, although, of oourae, there ia 

, a04:» retardation. 

',','. "U the cyclone is circular, and its stream lines are sjmunetricaUy arranged 
about the center, then the rotational friction can have no eSect b moving 

' it ; it is merely a retarding couple about the ads of the cyclone which is 
continually overcome by fresh accessions of energy from predpitation. 
Id this manner a heavy cyclone maintains its rotational energy practically 
constant during most of its run. When, however, the gyroscofHC force 
urges the] i^done towards the pole, since this force acts chieSy at the ten- 
ter where the rotational energy Is greatest, the axis is pulled away from, 
its central position towards the advancing edge, and the cyclone becomes 
deformed into an oval. The rotational friction now comes into play. 
Since the equatorial half has a much greater area than the polar half, the 
preponderating friction on the equatorial side thrusts the cyclone towards 
the west, and decreases markedly its horizontal velodty. 

There is a sliding rolling, as it were, along a parallel of latitude. Hence 
we find that as long as a cydone remains upon tlie same parallel, its tiori- 
zontal velodty remains nearly constant, and the cydone is practically 
circular in form with its axis in tbe center. When it moves away &om a 
parallel of latitude, its horizontal velodty begins to change, decreasing as 
it moves towards the pole, and increasing as it moves towards tbe equator. 
The latter motion, as we have already pointed out, a very rare. There 
are no exceptions to this rule. 

Not knowing tbe law of frictional retardation, we must have recourse 
to empirical formulae. Tbe formula k» = o — itanS, where Vk is the 
horizontal vdodty, and-d and b are constants to be determined from obser- 
vation at two positions, is applicable to most cyclones. 

Let us apply this formula to the Porto Rican Hurricane of August, iSgg — 
one of the most severe cydones of recent years. See cat on p. 104. 
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HORIZONTAL VELOCITIES. 



Latitude. 


Charted. 


Calculated. 




16* so' 


851 


851.4 


a = 927 


17' 


849 


850.4 


b^ 250 


18* 


845.8 


845.8 




19" 


841.4 


841 


[Nautical miles per hour] 


19** 30' 


839.2 


838.1 




20* 30' 


837.2 


833.8 


Vk^a — b tand 


21* 


834.S 


831.3 




22* 30' 


826.2 


823. s 




K 3<^' 


814. S 


813. s 




26* 


805.8 


805.3 




< 


799.2 


799-7 




28* 


794 


794.1 




< 


788 


788.5 




30- 


782 


782.8 





Or we can use with closer approximation the formula (empirical) VkCOsB 
a — 6sm^ — cwo?$. 

HORIZONTAL VELOCITIES. 



Latitude. 


Charted. 


Calculated. 




< 


849 


850 


a»889 


^K 


841.4 


840 


6 s 29 


21* 


834.5 


831.4 


c-798 


24" 


814.5 


813 




< 


812 


811 


[Nautical miles per hour] 


K 


799 


799 




28* 


794 


793 




29* 


788 


786 




K . 


780 


780 




31^ 30' 


769 


769 




K 




760 




K 




743.5 




40** 




704 





Allowing for inaccuracies of observation and the difficulty of extracting 
exact values from the chart, it will be seen that the formulas give the hori- 
zontal velocities with some degree of approximation. 

There are no records b^ond 32* but we can easfly simply these values 
from the formula. Thus at 33* the cyclone was moving relatively to the 
earth with a velocity of + 3.7, and at 35* the relative horizontal velodty 
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was + 4.3. It recurved at 31° 30^, ahhongh from 18° to 33" it moved 
northward neaily oa one meridian. 

By cmnbining Equati(» (a) with our formula for the hwiEontal vekicit]', 
we are able to con^nite the polar velodties, and thus, providing we have 
determined the constftnta trf the equations dosely from accurate obaervations, 
we may [dot out the future course of the i^done witli some d^ree of accu- 
RU7, and, in any event, rouglily. 

It is thus evident that cyclones are not blown about by the prevailiDg 
winds, as meteorolopsts Iiave hitherto maintained, but describe their 
paths in obedience to well defined forces, regardless of the general circu- 
lation. Chief of these forces are the gyroscopic and frictional forces. 

Whether such a means of weather prediction shall be utilized in tiie 
present, 01 dug up in future years by some autiqaary, dg>ends chiefty 
upon how long meteorology is to remain innocent of mathematics. 
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Lagrange, i, 25. 
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Meteorological applications, 37. 
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Monorail, 22. 

Nutation, free, 7, ii. 
forced, 12, 15. 

Obry device, 20. 

Poinsot, motion, 6. 
Precession, 6, 7. 

of moon's orbit, 13, 14, 15. 

constant velocity of, 8. 

period of earth's, 12. 
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Euler, 5. 

Schlick, 21. 
Foucault, I. 

Fundamental gyroscopic equation, 3. Top, i, 7, 17, 27. 
Fundamental gyroscopic principle, 3. Torque, 2. 

105 



1 



